INTRODUCTION
Glaciers are very active agents of weathering and erosion. In glacierized catchments, physical weathering processes have long been recognized as being important in producing huge volumes of sediments. Plucking, quarrying, crushing, shearing and abrasion are the physical weathering processes in alpine basins. Ebleton & King (1975) observed a five-fold difference in sediment yield between the glacierized Hoffellsjokull River in Iceland and a nearby non-glacier fed river, as evidence that glacierized abrasion provides more material for stream transport than do the nonglacier weathering processes. A number of studies have demonstrated that specific yield may increase downstream due to the remobilization of sediments pushed by the glaciers (Ferguson, 1984; Warburton, 1990; . The sediment loads of Asian rivers are reported to be the highest in the world, delivering approximately 80% of the global sediment input to the oceans (Holeman, 1968) . A total of 1.8 Gt year" 1 of suspended sediments (9% of the total annual load earned from the continents to the oceans worldwide) are transported in three river systems, the Ganga, Indus and Brahmaputra, in a combined runoff of 1.19 x 10 J km" (Meybeck, 1976) . These large sediment loads are due to the exposure of the geologically young rocks forming the Himalayan mountain chain, which has the world's greatest range of relief and of extremes of climate. High seismicity, steep valleys with frequent avalanching, intense monsoonal rainfall and glacial activities support high erosion rates in the Himalayan catchments (Singh & Hasnain, 1998; Pandey et. al., 1999; Hasnain & Thayyen, 1999) . Himalayan glaciers produce a large amount of rock debris and have large lateral moraines compared with glaciers in many other areas. Further, high velocity erosive glaciers driven by high gradients, accumulation, and ablation rates result in high concentrations of sediments in the meltwater . Such glaciers are thought to be important active agents of erosion and sediment transport in regional denudation systems (Gardner, 1986) .
Some data on sediment yields from the Himalayan glaciers and streams exist (Hasnain, 1996; Hasnain & Thayyen, 1999; , Singh & Hasnain, 1998 but far less is known about the particle size distribution (Thayyen et at., 1999) and practically no information is available on the morphoscopy and elemental composition of glaciofluvial sediments. For water resources planning, the textural characteristics of the particles are an important factor in determining the rate of transport, the impact on the quality of potable water supplies and the likely distribution of materials deposited in reservoirs, or in approaches to barrages and bridges. Ziegler & Olsen (1974) emphasized the necessity of analysing the composition of suspended sediments, as water from proglacial streams is used in hydroelectric power generation. In power plants, turbine water quality is affected by the amount of sand in the sediment reaching the power station . Grain size of suspended sediments also exerts an important control on the trap efficiency of reservoirs (Walling & Moorehead, 1987) . Thus, design and location of sand traps and settling basins should be based on considerations of not only sediment load but also its grain size distribution and mineral composition. The aim of this paper is to examine the variations in suspended sediment concentration, grain size distribution, surface structure and elemental composition of suspended sediments of meltwater draining from Pindari Glacier.
AREA OF STUDY
The Pindari is a small transverse glacier in the Central Himalaya, located in the Almora district of Uttaranchal State. The total length of Pindari Glacier is about 5 km and it extends from latitude 30°16'15"-30°19'10"N and longitude 79°59'00"-80°01'55"E (Fig. 1) . The glacier emerges southwards from the neve fields on the slopes of the Nandakhat-Nandakot ridge at an altitude of about 5720 m. The stream emerging at the glacial portal is known as Pindar and has its confluence with Alaknanda River at Karnprayag. The Pindari cirque is formed by joining the ridges and peaks consisting of Nanda Khat (6545 m), Chhanguj peak (6322 m), Baljuri (5922 m), Panwali Doar (6663 m) and Pindari Kanda (Traill Pass: -5700 m). The climate in the region is characterized by long cold winters extending from October to March, during which considerable precipitation often occurs as snowfall, in association with western disturbances passing eastward across north India. The region, situated on the southern slopes of the Himalaya, gets most of its rainfall from the monsoon current, which penetrates the valley from June to September. The temperature in the winter season is below freezing point, whereas the maximum temperature in summers is around 30°C. Mostly overcast conditions exist during the monsoon months and for short spells when the region is affected by western disturbances, otherwise it is generally clear with medium or high clouds. 
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MATERIALS AND METHODS
Systematic sampling was carried out during 18-20 May 1994 , 2(K30 September 1994 , 1-11 July 1995 and 1-11 October 1995 . Five water samples were collected daily at regular time intervals of 3 h between 06:00 and 18:00 h, following the methods of Ostrem (1975) . The water samples were filtered in the laboratory through pre-weighed 0.45 Lim Millipore membrane filters using a vacuum filtration setup. The weight of the suspended sediment was determined by subtracting the weight of the filter paper from the weight of filtered sediment with paper. The size distribution of the suspended sediment was determined using a Fritsch Particle Sizer based on Fraunhofer diffraction and Mie's theory (Analysette 22 model) which is used for rapid, automatic particle size analysis. Textural analysis was carried out by the method of Folk & Ward (1957) . For morphoscopy analyses, the procedure for the preparation of samples described by Krinsley & Doornkamp (1973) was followed. The representative grains were identified by means of a microscope and studied under the scanning electron microscope (SEM) for grain morphology and surface microtexture. The mineralogy of suspended particles was studied using an X-ray diffractogram technique (Gibbs, 1971) . Fifteen suspended sediment samples collected from the sampling site at different time periods in two successive sampling seasons were used for the geochemical study. Silicon (Si) and Al were determined by the Solution 'A' method of Shapiro & Brannock (1962) . For determination of other elements, sediments were digested with a mixture of aqua regia and hydrofluoric acid and measured by atomic absorption spectrophotometer (GBC-906). Background correction was provided when necessary. A reasonable precision of the sediment analysis was maintained by simultaneously analysing the US Geological Survey rock standards (MAG, SGR, SCO) and Canadian soil standards (SO-I and SO-I1). The results were found to be within ±5% of certified values.
RESULTS AND DISCUSSION
Variation in suspended sediment concentration
Sediments are an integral and inseparable part of the glacio-fluvial environment. The meltwater emerging from the snout of a glacier carries along in suspension fine sediments, which form a part of the undissolved sediment load of the glacier-fed stream. Sediment is produced by glacial erosion processes over a wide area of the bed throughout the year, while the meltwater flow, with sufficient velocity and turbulence to maintain traction and suspension of fine particles, is limited temporally to the ablation season (Collins, 1989) . Figure 2 shows the variation in suspended sediment concentration in May and September 1994 and July and October 1995. The late ablation periods (September 1994 and October 1995) were characterized by a reduced level of sediment, while the early ablation sampling periods (May 1994 and July 1995) showed very high sediment concentrations in the meltwater. morning to late mid-day and reach a maximum at around 15:00 h (Fig. 2) . Then it follows a decreasing trend toward the late evening. However, in September, the sediment concentration peaks at 12:00 h on some days. Hasnain & Thayyen (1999) in their six-month observation of sediment transport from the Dokriani Glacier, stated that the monsoonal months of July and August account for 64% of the total discharge, 70% of the total sediment transport and 74% of the monsoonal rainfall. Variations in suspended sediment concentrations in meltwater are related to the climatic condition and flow regimes of the streams. The study of Collins & Hasnain (1995) indicates that, as flow rises with increasing air temperature in spring and early summer, disproportionately large quantities of suspended sediments are transported in comparison to those moved later in the season. However, the discharge has not been measured for Pindari Glacier due to some logistic field problems, so no explanation can be offered herein for the observed variations in suspended sediment concentrations.
Grain size distribution
The grain size distribution of the sediment is a function of the size range of available material, its accessibility for weathering, erosion and transportation, and the energy input into the sediments. Available studies of glacio-fluvial transport have dealt with the relationships between discharge and suspended sediment transport, and less consideration has been given to grain size distribution of sediment transported or settled in glacier meltwater streams (Ostrem, 1975; Collins, 1979; Gurnell, 1982; Thayyen et al., 1999; Fenn & Gomez, 1989) . The analysis of grain size distribution in suspended sediments of Pindari Glacier (collected in May 1994) is given in Table 1 along with those of the Satopanth Glacier (forming the source water of the River Alaknanda and located to the northwest of the Pindari Glacier). The particle size of suspended sediments in the meltwater ranged between clay and fine sand and is dominated by coarse and medium silt fractions in the size population. In general, there is no marked difference in the size frequency distribution. In the Pindari Glacier, the primary maxima, constituting about 58% of the total weight percentage, lie between 5 and 6 § (medium to fine silt), while the remaining samples have maxima between 4 and 5 ( J> (coarse silt). In the case of the Satopanth Glacier, the primary maxima of eight samples occurred between 4 and 5 §, those of two samples were between 3 and 4 ty (very fine sand) and one sample had maxima between 5 and 6 ( ( > (medium to fine silt). Clay sizes constitute on average 7% (3.7-9%) and 13.5% (11.3-18.4%) of the total size population in the suspended sediment samples from the Pindari and Satopanth glaciers, respectively.
The particle size statistics of suspended sediments of these glaciers were calculated by the Folk & Ward (1957) method and their interrelationships are shown in the binary diagrams (Fig. 3) . The mean size (Mz) of the suspended sediments varied between 4.35 and 5.82 § and between 5.11 and 5.71 § for the Pindari and Satopanth glaciers, respectively, suggesting sediments of coarse to medium silt grade. The sorting (SD) varied from 1.41 to 2.44 (]), with an average value of 1.6 § for the Pindari Glacier and from 1.54 to 1.89 (j) for the Satopanth Glacier. The majority of samples were found to be poorly sorted, except for two very poorly sorted samples from the Pindari Glacier (Fig. 3) . This could be attributed to the high energy conditions prevailing in the glacier environment and also to the variable sources of production such as slumping of unstable moraines, the distributed system, and channelized systems (Collins, 1979; Hooke, 1989) .
The skewness of the suspended sediments of the Pindari Glacier varied between -0.31 and 1.14. Most of them fell under the fine skewed to nearly symmetrical category. Skewness for the Satopanth Glacier samples varied between 0.103 and 0.512; however, the majority of the samples were finely skewed. Negative skewness indicates the dominance of coarse sized fractions in the sediment sample, while positive skewness indicates the dominance of the finer sized fraction. The measure of kurtosis shows the peakedness of distribution: low values of K G (platykurtic case) point to a broader peak, while high values of KG (leptokurtic case) denote a pronounced peak in the centre. Kurtosis ranged between 0.09 and 1.36 $ (platykurtic to leptokurtic cases), in which the majority of the values fell within the range of the mesokurtic category for the Pindari Glacier. For the Satopanth Glacier, kurtosis ranged between 0.62 and 0.95 0, but most of the samples fell in the range of the platykurtic category. There seems to be no relationship between mean size and either of: standard deviation, skewness, and kurtosis, as the poorly sorted, finely to nearly symmetrically skewed sediments and the dominant mesokurtic and platykurtic behaviour exist for a wide range of mean size values (Fig. 3(a), (b), (c) ). In the standard deviation and skewness plot, most of the poorly sorted samples are concentrated within a narrow field between 0.0 and 0.3 <\> skewness (Fig. 3(d) ). The kurtosis of suspended sediments tended to increase with decreasing standard deviation and skewness (Fig. 3(e), (f) ).
Morphoscopy
The shapes of clastic particles and the microscopic textural patterns on their surfaces are repositories of information about the physical and chemical processes to which the particles have been subjected. The variation in size range, relief and related morphological features of sediments in the glacial environment is generally large and depends, for example, on rock types, rapid changes in glacier motion, shifts in the subglacial drainage system, failure of channel banks (Humphrey et al., 1986; Collins, 1989; Hammer & Smith, 1983) . The principal tool for examining surface texture of clasts is the scanning electron microscope (SEM). Many researchers have attempted to relate quartz sand grain surface texture to a specific glacial sub-environment, an idea which is based on the premise that different processes on these sub-environments would endow quartz grains with unique and distinctive surface texture (Whalley, 1978; Whalley & Krinsley, 1974; Margolis & Kennet, 1971) . Such attempts, however, have met with varying degrees of success. For example, Whalley & Krinsley (1974) , in a study of "wet base" glacier debris in the Fee Glacier, Switzerland, observed no surface texture which could characterize any particular glacier sub-environment. On the other hand, Whalley (1978) , in experimental and empirical studies of subglacial sand grain surface texture, noted that glacier grinding at the ice-bedrock interface could possibly round the angular edges of quartz grains, but concluded that this glacier grinding texture does not necessarily appear.
Suspended sediments collected in May 1994 from the Pindari Glacier, were examined by SEM for surface textural studies. Grain morphoscopy and surface texture were recognized and interpreted on the basis of individual surface texture as well as certain combinations of texture diagnostic of specific sediment transport mechanisms and environments. The grains showed textures of mechanical and chemical origin, in which mechanical texture was predominant on most of the grains. It was observed that the grains were mostly subangular to subrounded in shape with variable size range (Fig. 4(a) and (b) ). Elongated grains were also found in some slides (Fig. 4(c) ). Angular particles might be derived from the glacier top, whereas subglacial transportation processes cause frequent grain-to-grain interactions and encourage abrasion and formation of subrounded rock floor particles. The mechanical features of the samples, which are characteristically of glacial origin, include sharp edge, angular outline, high relief, fractured blocks, large scale conchoidal breakage, parallel and sub-parallel steps and uneven surface (Fig. 4(d) , (e) and (f)). Large-scale conchoidal to subconchoidal breakages were found to be the most prevalent microtextures, followed by stepped features. Most of the angular grains were found to be freshly broken and had uneven surfaces ( Fig. 5(a) , (b) and (c)). A few subangular to subrounded grains having older mechanical breakage patterns showed excellent rounding of the edges (Fig. 5(d) ). from the Pindari meltwater stream. The chemical activities on the present samples are evident in the form of secondary replacement, dissolution, pits and hollows, secondary growth and surface etching. Few grain surfaces showed precipitation, which leads to the adherence of smaller particles. The dissolution pits and secondary overgrowth sometimes give a dendritic appearance of the grain surface (Fig. 5(f) ).
Sediment chemistry
The elemental composition of the suspended sediments taken from the Pindari Glacier in two seasons is given in Table 2 . Silica, Al, K, Fe and Mg are the dominant major elements , accounting for more than 70% of the elemental composition of the Pindari Glacier sediments. Silica is the most dominant element in the suspended sediments, with a concentration between 30 and 34%due to the dominance of quartz. The mineralogical studies also showed evidence of a higher percentage of quartz. Aluminium is a less mobile element and is generally locked within aluminosilicate rocks, particularly in feldspars. The concentration of Al in the Pindari Glacier sediments ranged between 6.1 and 8.6%. The Na content of Pindari Glacier varies between 0.06 and 0.8%. Proportionately, the percentage of K is higher than that of Na, varying between 2.0 and 3.6%, indicating the lower mobility of K as compared to Na. Potassium is also contributed to by the degradation of mica and other K-silicate minerals which may be absorbed on clay minerals (illite, kaolinite etc.). Sodium shows very good correlation with potassium (r~ = 0.74) indicating a common source. Calcium and magnesium concentrations were of the order 0.8-1.2% and 1.0-1.5%, respectively and the excellent correlation between Ca and Mg (r~ = 0.84) indicates the similar source from carbonate rocks. The lower values of Ca and Na concentrations in sediments are due to their greater mobility and easy solubility, i.e. higher chemical activity. Heavy metals have interested researchers for a variety of reasons, ranging from the public health concerns to agricultural problems (Gibbs, 1977) . The accumulation of heavy metals in glacio-fluvial systems is a byproduct of natural weathering. The Pindari Glacier sediments were studied for the distribution of Fe, Mn, Cu, Zn, Pb and Ni. Iron (Fe) and Mn were the dominant heavy metals, with concentrations of 1.62-3.68% and 0.01-0.07%), respectively. The concentrations of Zn, Cu, Pb and Ni in the Pindari Glacier sediments are generally below 100 |j.g g"
1
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The elemental abundance in the Pindari Glacier sediments was in the order Si > Al > K. > Fe > Mg > Ca > Na > Mn > Zn > Cu > Ni > Pb.
To understand the seasonal variations in the sediment chemistry, this study was made over two sampling seasons, i.e. May 1994 and September 1994. The study broadly indicates no specific seasonal trend. Since the samples are available for only two seasons and such observations have to be taken continuously over a long time series, no explanations are offered herein for the observations made, as they require further investigations. However, variations may be expected because of the changes in the suspended sediment concentrations and relative particle sizes in response to the discharge fluctuation and mineral composition in different seasons.
The chemical index of alteration (CIA) of suspended sediments was calculated to find out the extent of weathering in the Pindari meltwater sediments. It was calculated using of the formula of Nesbitt & Young (1984) : CIA = A1 2 0 3 /(A1 2 03 + CaO* + Na 2 0 + K 2 0) x 100 (molecular proportions)
where CaO* is Ca in the silicate fraction only. The CIA of the suspended sediment was calculated assuming that there is no free Ca and the results are given in Table 2 . Calcite was not found in the X-ray diffraction study and the undersaturated glacier meltwater with respect to calcite also confirms that the calcite is being totally dissolved. The CIA of suspended sediments (57) is relatively higher than that of the average unweathered upper continental crust (-50) indicating a higher degree of weathering due to glacier grinding and crushing actions.
The resistant index of maturity (R M ) was also calculated to evaluate the degree of weathering (Wakatsuki et al., 1977) . This maturity may be quantitatively estimated by the concentration of the resistant component (Si0 2 ) relative to the more mobile alkaline (Na 2 0+K 2 0) and alkaline earth (CaO+MgO) components in the sediments, i.e.:
R,M = Si0 2 /(Na 2 0 + K 2 0 + CaO + MgO)
The higher the value of /?,v/, the more mature the sediments will be. The RM value for the Pindari Glacier sediments varied between 4.0. and 8.0 (average: 5.6). The low RM values for these sediments indicate their immaturity.
Mineralogy
Suspended sediments of the Pindari Glacier meltwater were subject to the X-ray diffraction studies in order for the bulk mineralogy to be determined. The minerals identified were quartz, feldspar, mica, illite and kaolinite. The identified minerals were calculated following the semi-quantitative method (Biscaye, 1965; Carrols, 1970) . The weight percentage of identified minerals in suspended sediments is given in Table 3 . Quartz is the most dominant mineral, comprising 43-58%, followed by mica (20-38%). The suspended sediments of the Pindari Glacier meltwater contain 1-14%) feldspar, while kaolinite constitutes 2-6%o of the bulk mineralogy. Illite is the dominant clay mineral, constituting 6-13% of the mineral abundance. The quartz/feldspar and quartz/mica ratios were used to gain an insight into the chemical and physical weathering processes operating in the glacier environment. Both quartz and feldspar are products of the mechanical breakdown of the underlying bedrock and the rocks of adjacent area. In contrast to the behaviour of quartz, feldspar is highly susceptible to chemical weathering and gives rise to clay minerals. The high values of the quartz/feldspar and quartz/mica ratios for the suspended sediments of the Pindari Glacier meltwater indicate the dominance of quartz and the loss of feldspar and mica due to chemical weathering. 
CONCLUSION
Monitoring of suspended sediment concentrations in the Pindari Glacier meltwater has shown that the late ablation periods (September 1994 and October 1995) are characterized by a reduced level of sediment concentration, while the sampling periods of early ablation (May 1994 and July 1995) show very high suspended sediment concentrations. Coarse and medium silts predominate in the size distribution, while clay constitutes about 7% of the total size population. Particle size statistics suggest a poorly sorted, symmetrical to fine skewed and mesokurtic nature of the suspended sediments ofPindari Glacier. Study by SEM shows that these sediments have textures of mechanical and chemical origin, in which mechanical texture predominates on most of the grains. It was observed that the grains were mostly subangular to subrounded in shape with variable size range. The sediment chemistry of the Pindari Glacier is dominated by Si, Al, K, Fe and Mg, together constituting >70% of the elemental abundance. The X-ray diffraction study showed that quartz is the most dominant mineral followed by mica/illite, feldspar and kaolinite.
